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~~ Th is paper considers what is known as a modal approach to the adaptive
optics problem in which the wavefront distortions are expanded into a spatial
set of polynom ials. The coefficients of the polynomials are temporally
varying and represent the time vary i ng phenomeno logical perturbations such
as atmo spheric turbulence , thermal blooming, and mirror distortions . The
measurement devices for the wavefront are eithe~ a shearing interferonieteror a Hartmann array. The shearing interferometer displaces or shears the
wavefront and then interferes the sheared image with the unsheared image .
The Hartmann array yields a linear measurement of the aberration coefficients
through an effective measurement of the gradient of the wavefront. Since the
wavefront is temporally varying, state space model s for the aberration
coefficients are obta i ned . An adaptive estimator is developed in order to
adapt upon the atmospher i c turbulence structure constant and the bandw id th
of the atmospheric turbulence, and to then obtain a minimum mean square
estima tor for the aberration coefficients .
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I. in t roduct ion

In )r(]nr to obtai 0 the maximum ~ r t a d i  - i nce  of a lase r  hn.~m on a d i s ta r  5

oh ~~- :t , is necessary to precisely cOrct . r~ l uhf: pr.~~i t ion  of tbe bPUII on ‘ne

object . The noi nt ing control is o prec is ion  c l u ed loop f e edbac k  sint-

~bicri use , f ’ - ’d bo ck  me a sure m e nt  r e la t i~ ’~ to w herc the  be~ i) H r~~ m e - c t

po int ing in ordo~ to correct  f o r ’ deb’ ia t ions f rum.c curd e it s~rnul d be po l r - te d .
This is ce r ta in H er i rep i r ta nt  element in order to obta in  n i aX i l It l i  1rra~ c rnc ~’
over a p e r  

- od of tmi ’ . However , w i thou t  further consi  derat ion tb1 b’ ’
r(p) ndHon to t he  o h iec t  is in e s s e n c c  an open loop elen ient in nuLh a

‘,ys ten m . That  is , t b r r ’e is no feedback as to the qua l i ty  ot  the “ee c as it
r e d c h r 5  be object .  Thus, the beam is free to prI1pa n~ te acco od nq to thF
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current physical conditions. Since the propag ation is affected by certain

physical phenomenon , the beam quality at the object will be reduced

yielding a reduction in the irradiance. These physical perturbational

effec ts i nclu de th e i niti al laser wave front phase error , aberration s in the
optica l train , atmospheric turbulence , and atmospheric thermal bloom inq.

These perturbational effects cause amplitude losses and phase distortions.

The phase change s across the spatial extent of the beam causes destructive

interference at the range of the object. The ir ’radiance losses due to the

phase distortions can be quite severe . Consequently, it is des i rable to
obtain feedback information as to the beam qua litj at the object such that

the beam wavefront exiting at the aperture can be phase controlled. Th6

phase control is introduced such that at the object range the beam will

constructively interfere to create maximum i rradiance . In this way , the

beam is no longer an open loop element in the system but becomes ~ closed

loop subsystem yielding all the desirable features of closed loop control

such as error correction and insensitivity .

The technology area of phase control of mod i fication of the wavo front

exiting the aperture is known as adaptive optics. Basically , this technology

requires a wavefront diagnostic subsystem in order to dete rmine the beam

quality at the object. The beam quality is diaqno sed in order to of tein a

measure of the deviation of the wavefront from a des —ed conditi on. The

controller subsystem uses the wavefront diagnostics to cal cu lu~o the “equired

movement of the controlled element in order to obtain the necensary phase
mo di f i ca ti ons . T he controlle d element can be a cont i nuous , cleform mrble
mirror or segmented mirrors that are positione a in order to creato the

necessary phase changes in the outgoing wavefront. The objective. e a di l I .

is to create the necessary phase changes in order to obtain constructive

interference at the object range for maximum intensity .

The use o f t he ph i loso phy of adaptive optics is not limited to laser

applications. It can be used to correct imaginq system optics. This

correction is to compensate for deviations in the object wavefront due to

perturbational effects such as atmospheric turbulence. Thereby high

quality i mag i ng may be accomplished .

The re has been cons id erable effort i n the use of th i s technolo gy for
both laser an d ima ging applicat ions. In references [l ,2,3J a segmented
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The measurements of the wavefror t distortions are noisy . In particu lar ,

detector noise , background noise , and photon noise for photon limited appli-

cations limi t the accuracy of measurement of the distortions. This eaper

develops the optimal estimator for estimatin g the wavefront di st c’ ’ ,i ’ r s ~ith
two types of measurement devices, a shearing interferometer 3nd a H urtn ~r’r

array. Althou gh these are two physically different optical devices, the

mathematics of the measurements are simil ar. The estimators are , thus

similar and it is reasonable to consider both in the same p apur.

The distortions are expanded into an orthonorrua l set of ~cly nomia ls

where the coefficients are called aberration coefficients. This corresponds

to the proper optics terminology and the coefficients cnrrespond to well

known optical errors such as focus, astigmatism , coma, etc. The ;ubt y ras ion

coefficient temporal properties are modeled as 1 inear Markov models. The
bandwidths of the models are directly proportional to the relative wi n d

speed across the optical aperture . The driving noise var iance is lirw ’tly

proportional to the atmospheric turbulen ce structure const C r1 . 
~ m u

2 (s~~
reference 117 1 ).

This paper is the firs t app lication of adaptive r ’ c t i o m a lc ’i on to adapt ive

optics. The adaptive estimator converges readily to the required e s t ; m a t e s

of the aberration coefficients in the presence of uncertain atmosp heric

turbulence. Thus, the adaptive estimation of ahe rra t io r r  coe [ f i c ie r i~ s in

adaptive optics is an extremely useful and irrca rt ant t,nchn iqu~ to enhance

performance of hi gh energy lasers and to enhance per~ormanre of imaging

systems. The adaptive optics application represents a sta t ’~ of th~ art

area in optics. Thus , the paper contributes also to t b ’ opti cal literature .

The paper is broken into six sections. Section 11 contains the problem

statement. Section III g ives the measurement devices and their equati ons.

Section IV considers the dynamic models for the aberrations. Section V

contains the form u lation of the adaptive estimator , and Section V I contains

the application of the estimator to the shearing interferonueter problem.

II. Problem Statement

In order to correct the wavefront of an optical beam , it is necessary

to spatially modify the phase of the beam. There are several ways of

accomplishing a phase change , i.e., phase plates f iS t , Bragg diffraction ,

4
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are a prob Thn . i’ d even thc u ’ecor ma nce in the ~iser cav~ t ’ educe dl stocti on

Hc a’-c ver , it the phas e dist ortio n s . (‘c.y~- . ‘4 cr kn own over c u

the s; atia ] -eq c r c .  thcn a deformable ni  r’ror a t c r s ~~
‘ + P cocus aeF t i l t

c r j u : t i ~ m nt can b- used to eflmi nato tuch of the d c s r o u t i n n . In order ccc

acc o m p lcTh  Hi~ d i ly o s t i c  problem, the w ;-ef r ont distortions , I(~~.v) 
ray

he exp~lndad ntn a c t  of spat ial  pn iynr- : c  als de fined over the ‘,~
;ar ia i
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atn~~~oher uc  5 , ”hulr’ n~~r w o r k .  T he s rc ’ rnd expans en !‘ be -‘lef i u m ed as fol l ows

= a 1 F~ (x,v) (2)
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where the domain u 4 definition for x and y is the circular region of thc-

aperture . The a
d

’ s are the aberration coefficients and F . ar e a set ~f

orthonormal polynomials related to the Zernike polynomial. The first ten
polynomials and their physical si gnificance are g iven below.

F~ (x ,y) = 
(~
-1~)’ , (uniform phase sh i f t  across the anerture )

F ( x ,y) = (_ ~~)
2
x .

irR

( t i l t  across aperture )

F( x ,y) = ---

~~

- -

) 

y,

= ( -
~~ 

) (x~ - (refocus)

= ( 1~~~) ( ’ v ” ) ~ ) (3)

(ant inc ;-rt ism

F ( x , s ’ ) (~~~:- \~ (x . y),11 r R ’ 1

r ~~~~~~~ = (-
~~

_ P(y i - 3xy ),

- (5 ’~~
2
(~ 

- 3yx ),

(coma)

~ 3y’ - 2R’ )x .

( 3 x 2 + 3y 7 - 2R’ )y ,’
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w0e~’e R H t0e radi us ui the a ; c r ’ ;,.r ’e. Frie d 1 7 1  -~i,, ’c/S Lu ;~ t c O o ;  0 -
front is din t c t ’ ted  by ac;’ -’; p l-rr ’ ’mc turb ,il cnce , the ovo: Or H;’ ac’ r ’~ et uo rcs

doe f O r-  domina nt r~~ c - r f l c, Furr h+” ’ ; ruor e , ‘ ‘O r to the fact 4- 1e t c’):r’ p’c , ’ical

p k~e ;c cn . pr; c irI s uch as t l uor ’ im a l b ’ ioo r ro; u~ud ci  rror t t , cr ’u ; :o l  di5 t c , ’t ions are also

ad ; u a t c  l y repre t - r  H u by t b ’  I c o  -“ ru: ace r a t  icns .  He wav e f- ,r t di stor-
tions ice ~

‘ be cu i’-iuo r~ - ly ass r ued to ice rent’s’ enteri as a fi n i to; no lyrcs m i a

;- (x ,v)  = ~~~~~~~~~~~~ (1)
u .1

1,-~ ~~rO SP Ht’’ c torbu le’ ce r,h~’ aLec -s it 1 ’ !  co—ff c c~~’ts are re t coi- ~ H;;

h’Her , the a r  Seur m ooc - a lly c u r ing wctn han dwi -” u ;‘r’uat’ :d H Ht ’ e t a ’ i .e

~ni nP snr’e’i across th e cu e r ’t u~’P or’:; w ith ‘.‘ar i ac re that is a t’ ;n: t’ i or’ of  in0

u ’ - b m 1 er’s ’ st r ;,c ’ ure c unst~~nt , wni cb 5 cc ~ c O 5 ~~~ ’~~ of the t ’ r °-a ior ce

St ~~~’ ” i T~~~. OIl S • ; is “‘ore apOrc :c’ at’r to wrc te e p c c t  i rn (iH us

~~
‘ 

~~~~~~~~~~ .. cc
~~

( t ) F
~~~

x
~~
;I. (h~

id : .~ ’ -  ‘ “c nO ;se d i s t o r - H o n c  CS I i  non e -t S ar (H , the H’c ’ r ,’ l O l p  !u ’ i OOC r ’”a’.’ cc
c u r  ‘ cI  led to t

~~’.’t - h - a n t -  ec ua c and o pco s ;t . r  the COsO d ls t e r l ~r n s  s u h

Hat t b ’  5c c h a s e  is o cr- i . Th is  lea ds to an o the r  reaso n , 1 ecs ch,~0 I 1a l

t rue ’ ;  t~~~~~ dnmi ”-~nte o~ the l u - -p r - r 4er t e r m ; s .  for m r  c-~ r rns i ; ’ o f i t o  a

m l  f t  DC : . ‘ cc - rn  Toot i~~, toe LO n tc ’ol o c  ‘ ‘ o  delco ;; ci 0 H ic c 1- v - c  t -  is 1 imi Lcd

to tH h ij ’ - e s ’, s c a t  H’ c ,.,,:;e,, r m ps ’~~~~’~/ ’ l  I as te ’-o ’ora l h,ir i,’ c i d th ~ that

be cont rolle r; due to H” f init ;’ S~~ c - ’ ‘c of cnn~ ”cl a c t u a L - rn o r , toe o i r’ru c .

:~ ~~cnc~,nb rr ’ic tuu r’O ’- ’nce . the i r u qe c i  the far fcc d m u ’ ,’ t ’  u~ 
- -~~ to

I”t . ” ice S n’ :istnr ’tions Ire” which the r e c j p r ’ ’ m  ;y ‘- i n ci p le rn, ’i be

~s€ rc to t he - ’  can’ - 5 ’  pr ia’- ” v C 0 nsr ’ m ’nc~ L l e  ~~1 ru - u - ’ co ot  rOl . t,~
wftcn us— t ‘- t ,pv r  of , u r v ’  r r t  nuCEI - - - - ; r ecc , - uu t  u s° ~ ce’- as lma rie 1

s .‘ - t ens  I ~ . ~ ‘ ce - usa r~- ’ ’  ‘t  o~ t° c - ho se d F ~~~~~~~~~~ ions from t~ e il aqe ;o~~ ’ he

ft us i ruq a s~ ’a ”~ ’- i r c t e r ~~n~~:uet p r or by i Ha-cc - c n n array. T I-’~
o~ tho s e ct:~ ice- ccv be “latH S - ‘he e s ’ rat ion c o F ’f~ c ’ e n t S

p lu; rm , iSe .  l i , -  Hrac ;i ic nuo ce l 4or tee ab et r aLie r c a rt: - iuu ’f’u ’tain models in

that tne~ 
4 :’ m r’u’ ‘~c on ‘ n o w ]  r -dn~ ‘I ‘ c  re 1 atiV c wind s r-ed as well as the

Lu bu lence 5* r ’ j O t j r ,c o v H e’  ‘ , S l ’ : r o  H” un1 surpm ents a’s y ’ ’- i c >, and “he

-7



dv n ,ur n i c models - ,°nt t in u n c e r t c i n  ne , au ’ e~ or s . it is r ’ @ Sov  - - -y to use adu~O ive

es t i une~ ’ or; in o r -o r  to obtain an estin : r~ ’ t ’  for the coe t f i i i e r c r  ~. An iru por—
tant aspect of appli et ions of the e s t i m a t o r ’ is that the conver gence times
requi red ar e ox t u ’e” e ly f as t .  Thus , the a d a p t iv e  est iniation s ch eic e chosen

inc ludes a proP b r’ l i t’,’ esti m ator for the uncer t a in c o e f f i c ie n t s  a l t l m o ’ u i h tb:
cu uu ; , j t e t i cne ’l burden H great er than other adapt ive  est im ;dt ion schec - co s , the

Conv e r ’qe rlco t ime s re- :iuired j u s t i f y  the use of th is a lac ’ r i nh rm .  The nex l

s e c t i on G ives  a bas ic  desc rmn t i on  of Hr measurement dev ices  crc we l l  as
th’ r “ ~-‘ t j  os

I i i .  ~e~ ’ - c u  not Dcv ; :;--

There ac ’ Sri ’.’ a ‘o r  ;m e asu r .; cn r ’ u t dcv ices used in icraq e co m c:pens ~ Hon
system s. The I i r~~f is that of a shea r ’in; iH’ :r fe rucueter and the so - c orid ‘is
L’uat of a Hartnie nn array.  The sou sa a c c ent of the -.‘uavef r;’;nt us ing a snear ;  ng
I ntu=r fe r omete’ - is d~~ i et ed in Fi gure 2 Hr a one di rect ional  shear.  The

~c ; ’ .’ - ’ 4  rc ’~t is  shea -c r ;  in two o r ;  norc o ul d i r E ct i o ns .  The in ter fere r ; ; :: b d + ’L-

‘ t i n t  rn  Ori r _’ d j u e r  t i - un  ‘ a r  be writt ’-’’- as

‘
V (x , 0 ;s~ , t) = s x . y  , t )  - :-( x ,y • r )  (6)

w h e r e  i i5 t he phase ront un der ’ test , s~ is to - 1a~ ’= ral sho.;r’ d irec t ion,

un- i V is t ne qua.;t l H co be measured.

De tec t ;- ’ a r r ay s behin~: the w ave f ron t  interferomete r us inc. zero c ross ing

w il 1 measu re tot : W d v e f u - ’  nt p lus no ise .  Thus (as s um ing that LI/U ~e- t e c t o r

arrays are a v a i l a b l e  to measure t ice -  + c r t  ical  a~ d tb ~ h;r’ i: ont ,’l shear) , the
rea s ure r r c e nts  Hr the i — t h  detev t uir ’ in eac h array is given as

‘;
~ ~(x~~ ;s~ .t) ~~~~~~~~~~~~~~~~~~~ 

- c (r 11 .t) 
+ u

~ ~~
, ( 7 )

i 1,2 ,...• q

x ,y

where 
~~~~~ 

and 
~~~ 

d r O  zero when x ‘ j  or y � j  respec t i ve ly ,  and -.iben i
r’e nreso ’ t ’ , the H d ete c t . ’cc r in H” j - -tn a r”ay (q de t ec to rs  ii; each a t - ray ) ,

j  = x cc r ”~~
- pcrcl s ‘ cc a icc r ’ i z - ~- nt a l  shear ,  j  = y cor res ponds t o  a

shear , ‘rod “ ! S  ‘cc de tec t o r  noise on t he i — j — f t  detecto r . The u-oi ;c

vu



is ass uno c to Pt ze ‘ c cuiean , ouri t e  :: H c o v e  r’ a nec r . - . IL I a as 1  cooed thu t

ft .- ’ detecto r no~se “ o r : ’ - arC r ur;pen ’ Ir t t  c f  otbt ’ r  i’tc :  - - 
- The so rt c1ri c c

di s tance is ‘hose ’ ‘ c o a l  t,, t’;p ,r m n ,c r - a tj o r I  c f  t ie  P ’ tec o r r r s  i t  rH ar : -

The ce; - u  r: cut s- . Ctu m o iuue n t s may be ul d C ’ i  into an a ca r’

y = T t  + ( ic )

.-cf l e rC S’- is a — actor

T I
— 11 . , ‘v d • “ ‘ V  , • , , ,  ,

, . :,~ c ] , > ‘ ‘1’ ~‘~‘

‘ iS C ca c He  ~ - ‘ u:CC from tn; ~ fl ‘ r ’ ndr nt p h i - ,n~ Ii: e~~,,t inn ( 7 ) ,  .~nd r; H
a no i s e v :r: t ,r , .:er’o -cc - un , w’i ite w ith  d~ a c 1 ’ m ’e l  r o v a r i a c ’ L’e

F~ (t) 
~~~T, ~~(t - - )

wh nr~’ R ‘s c - nrc - n a ]  w~~ n e~~~c ;c t s  “‘ n ‘ The :— ‘,c~~u’e ’ uo ru t s  i’ cw u;at ;::n ( 7 )

c- . ’ 1 cc’ suc h t b - ’ some o~ the c . .  ‘i - w i l  co r ’- cs: :  ,;‘ ,d to tilt; s e e  c m ; t ia l

chases - T h u s ,  ~ ‘e -‘ roi l I only Sue a few; , ru!; ;-— r of p k,as cs c irrum C’

Th m”et ,ri T “ j n;t’oi x ci us a m - d ~~~~~~ ones -a nd z’:~ c-s . Ic

n ‘t i C  is ~h - ’ on icr F i b r E . a in wn ;ch  the s m e a r  r- ;as urcc :;o ; tc r e v  he r.r ’i S ’ -:”

in t”’ ’ ;1 “ - c  “ ;~ n - ‘ a l ec at fl: ’- i - r ; h sr ’ ,u t ia l  po s i t  in’ , T~ e 12 rio SW ’ --

r’c n, c ~Pb v c c cor fo r’ - : ace

q

-~~~~ - “  -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- A
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0 0 0 0 0 0 o1 [:
0 -l 1 0 0 0 0 0 0~ In , ’

H 0 0 0 -l 1 0 0 ii 0 ; , n
-‘ x 3

y 0 0 0 0 -l 1 0 0 0 - ‘ u

+ ~~ (9)
y

5 
0 0 0 0 0 0 -i 1 0 c~

0 0 0 0 0 0 0 -l 1

1 0 0 -l 0 0 0 0 0 ‘ : .

0 1 0 0 -i 0 q o
- 17

1) 0 1 0 0 -1 0 0 0 :j r~~~~

v ,, 0 0 0 1 0 0 -1 0 0

y ,~~ 
0 2 0 0 1 0 0 —l 0

L-~J L° 0 0 0 0 1 0 0 -i

T~ r w 3 v””r’ - t  di st o .- t ions ‘ c d v  be ex panded in ‘.0 te e ;- y e :  al s us in

L ion ( 5 u , i. e- .

c ( x~ •y~~t)  E ~~~~~~~~~~~~~ (10)

where (x 5 ,y l corresponds to the i - th spat ia l  p r i n t .  Ihus , a vector  1”~~u s ’-

‘ i on  r a y  h”~ w r it t e n  Hr th e phases in terms of Hp aberr t on ( -i?’t Id “ t S ,

1 L (x 1 •y 1 ) ,  F~ (x 1 ,v 1 ) Fn (x i Y~ ~1 [~ 
( t )

F’ , (, x •y , ) ,  F~ (x , y )  Fn (X~~Y 
) d , ( t )

= F 1 (x ~y 1 ) , F~ ( x 
, 
,y 2 ) , . . .

~~ 
F~~(x .y ,) a 1 (t) (11 )

mj F i (x m~
ym ) E s ( ~r’1 ’~ ni • F (  xnryp,) L ~ t)

or eq at i nn ( 11)  may be wr i t t en  in vr ’c ’ c ’ r  lii r’iiu ~;S

1”)



= Fa~t). (12 ,

Equation (12) may be used with equa rion (8) to obtain a measurement equ ’-

tion in terms of the aberration coefficients , i.e.,

y = ( T F ) a + r u

= H
~ia +

where the defi rr i lion of H
~i is obvious and the subscript, SH denote - - toe

measur ements us ing a shearing interferometer. Th is  is the d e s i r e d  nie ” us u re—

mem’ t equation for the shearing interferometer.
The measurement of the wavefront usini a Hartmane array is d e p i - t e d  in

Figur e 4. Bas ica l l y ,  the image is formed on the Hartmann array by a lens

system. S i r r c e  she d istance to the ob jec t  is long, a w s v e f ; u n r  impi nq i r ccc en

the array would he approxinuatel y p lana r without t urbulence ef f ec ts .  Hm~w-

ev er, turbulence d is tor ts  the phase of the wave fr ont as in Figure- I.  ihus ,

the image ac ces s  the Har’tmann array is phate d i s to r ’ted in the p: ’ e s- ensr of

atmosp he r ic t mr - o -s ’e nce. The Har’tmann e r r a v ’ cons is ts  if’ s e - o r a l hued - ed

pin”i U ieS ( c r  f l y  eye lenses)  that de f lec t fcc ;- l i mb S u’ -:- to puad det ecto rs

located behind each hole (or lens) .  The quad detect e - r v 
~‘ i11  y ie ld measure-

rents proportional to the gradient of the wave-front in both x and ,y d’i’mc -

t ions , i.e., f i r  each p inhole two rceasc i re ; ’ e n t s  are obtained , i.e.,

+ ~~~ 1=1 .2 ,... ,q (14)

and

y .  ~~~ 
+ ‘m y .~ i= l ,2 q (15)

I ‘Y ~~i

where q is the numbe r of pinhole-detector pairs . The gradient of the wave-

front in t o r us  o ’ the aberrat ion coe f f i c ien ts  may be obtained by diffe ren-

tiat ln ( ‘ f t  l o r u  (5), i.e.,

r F . ( x . , y . )
- 

~~~~ a~ ( t )  ~~~~~~~~~~~~~~~~~~~~~~~~ , — 
(16 )

1=1 ,2 



--
~~~~~

and

= a
1 (t) 

:,
F
~~~~

t
J
Y
~J (17)

Equations (14)  and (15) may be put into vector form as

-~,i 
;F (x ,y ) .F (x , y )  F ( x , ,y ) a , (t )

• ‘ X ‘ ‘
a ( t)

° c~~’~ 
,y, ) ‘F ,(x 1 ,y 1 ) Fn (X i~ Y i ) . + (18)

u 
~~~

. 
- - -., 

~~~~ 
. .. 

:

~- 
y aF (x  ,y ) -F (x ,y ) - F (X , Y )  I 

a~(t) J

‘ :~~~~‘ ~~~~~~~~ 
cr ,, ’ I  -

: 1

I ~~~~~~~ ) s F (x ,~ ) ~~ (x ,y) 
-
‘X

~1 =,,~

- —_ - , 
.__ --- -— -—-- -. , ‘ . . ,  ~~‘

Yqj

cF (x ,-r ) ~F (x .y ) F (x ,v )I p J ~ — 
1L .J 0

‘ -x  ‘ 
~~~~~~~~

F (x ,y ) F (x ,‘, ) :cr (x  ,v )
LJI JL 2~~Qd~~~ i~~ 

[ I - 
-

— 

- y  ‘ iy ‘ ‘ ‘ y

or in vector form

y = H
HA a + a ( 1 9 )

where y is the ‘ceasurement vector in equation (18) , HHA is the :nea~ u ’e;:ient
matr ix of par - t i a ls ,  and n is the vector of measu rement noises. The measure-
moot noise is assumed zero—mean , wh ite w i th  covar iance

E~ . l ( t ) , ( t ) T
~= R ( t )~ (t - n )

‘,‘uher” R is in b~ock diagonal form since the measurement ‘floise ‘ is

correlated in general  w i t h  ‘

~~~~~~~

, v~ = 1 ,2,...,q. This part i cula r asqoct
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complicate s the estimator somewhat as each pair of measurements for UriC
detector must be processed through the estimator rather than sequenti ol l ,-i
processing each measurement. Howeve r, the form of the e s t i m a t o r  ~s s t i l l
simplified over the foriui required if P was riot bio~ k d ia q ono l .

This sect ion then contains the development of t rio c reasure nue nt , ,:c
~
Ud_

t ions for both the shearing interferometer and the Hart ; ” arr n a rrn’~
compensation systems. The equations are in the form o f l inear tv ’ rns f oro a-
tions of ‘be aberration coeff ic ients.  This a l lows fo r ’  the development o~
thi ir’st i rnat ion eq uat ions for both syste ms . The next sect ic- r ’  co nsi ’ ie ’ :
-urn ’ ’ o~ i rnat i ons ~or the state space models o

f the aberration coeffi :ient s.

IV . D~~~~ic Mod~]j~~,,of the ,‘c b e - r r a t i o n  Coef f ic ient S

I ; ,  order to develop an estimator st ructu i~ fur the est ine ,tion ~f the

aberrat ion coe f f i c i en ts ,  it is necessary to obtai n model s for the t -;’ por~ i

variatio r’ of c - h0 coeffic ients. The models m i s t  be such lou t th:’y adequatel .
r’onreseot the - it o- ” ’! s t a t i s t i c s  of v - r i a t i on , and yet he si mp le e nco cu n for
imp] ;‘ erl o~ iou nt o ‘be Si 1 ter. Furtho ’-r’ r-’e , t he ‘ ide] 5 w i l l  “e sbcri ’,’ ;, to

‘cc i f :~m i c t c on s of  the a tmospheric t urbulenc e bandc- cidt h as we l l  as the a tmos-

pher ic t :c r h c i ’ r m ce s t ruc :ture ‘:onc tan t , Ca” (see references (24 , 25] for a

p re ci se de Hn it ion) .  These models are approximations s im i la r to that of
re ference ‘ 2 6 J for the intensity f luc tu a t io n s o F a laser beam a rd  s imi lar
to refe r-en~e 127 1 for the temporal phase distortions. However , since t he
e’ - t i mato r-  is ad a pt ive ,  it wi l l  adapt upon the best model structure for the
par t icu la r  rea l i za t i on  of atmo spheric turbulence. A lso , the time interval
f - c use of a high powe r laser as well as imag ing through atmosphe ri~,. turbu-

lr ’n,-,,r; is short. Thus, the models are adequate for this problem and w i ll

yield ~rn esti’ r ,utor structure that can be imp l emented real time .

In Fr - ed ’ s paper [ 1 7 j  on wavefron i, distor t ion , it is shown th i S  the
w e a n squa re n b c  u~~ the linear t il t coefficients is g iven as

E ( a L ?) 0.694D~ (D /r0)
513 (20)

whr ’ r~’ C L ’ is c ial to (a 7 ’ + a ,:’), the mean square value of the spherical

‘ uw’ ”” i r : i e f l tS is given as

E ( a
~~
) = 0.01657D 1(D/r0)~~

3 , (21)
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where a , ‘- is equal to as’ and the mean squarr ’ value of the qua-:i r ,utic rum
cients cs giver ’ as

E(a 1~~) = 0. 05 27 D
~

(D / r
~

)
~
’
~ 

(22 )

whore a-~ i s  ep ta l  to  (a ’ 
~ a

’ -f a )  . T h e di o ’ r-to r of I he- apprtur~’ is
denoted as 0, and the quantity r

0 is a length uar ,”cster defined as

= ( 6 . : /a 3
~~ (23)

where

a = 2 9 l ( 2 : / ~ ) 2f Cn
’
~
(S)Q(S)dS (

~~
)

pa t h

2 is ‘hr w ave l o na th  and where Q(D) is a weiq htin g fact~r ie;uc’ndi nm on

the nature of the o p t i c a l  source.  In the ca t - c of Cu b infinite ri~. ’e wave

su n i ra p w i t h  a ccc’;- tant s t r uctu re co nsta nt .  the narameter -
~ s given as

— 00
- - rj •,,,r0 
- 

1 0 0 1  
-

“ ‘nero f = 2~,’2 is He wavenumber , R ‘5 t,~e r:o’!” in ‘c~Ct eiS, and C 0 i’s the
turb ulence structure const a nt  wh ich is a rce a ’ sur -c of turbulence strength.
l.’ptp rerlC p S 120 . 281 discuss fcc; temr’or:’l variation of the a trn orc ’heric tu rbu —

l once. It is ‘ hewn t h a t  the  corner frequency of the turbulence ~
“

r~ ea c h

ab er r c i t i o r u  is o~ fbi ’ or d e r of the rrlative wind speed divided by the diameter

of t’ue at’;’r ’ture . n re ferenc e ?8 1 approximat ions to t he power spectral

de~-s ’ ties j-u ’  e q i von . It is assumed that ar’ lcquate approx irl , ut i005 to t h ’ s e

models ~ cr each ,ubpr’y’ -jtien ar e of the fo rts

= -;~ a~ + ~~~~~~~~~ -a 1 u 1. ,  ( 2 5 )

i=2, 3,. . .

~~~~ the ~ 1 ~~ gi ‘‘on as

( 2 7 )

1 -
~

— 
- . —,c . ~~~~~~~~~~~~~~~~~ 

— — - - . 

I
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with k1 given in Table I, whe re V is the relative wind velocity , .-rnd whe ’~
i s zero mean whi te no i se w ith u n i t y var i ance . The var ianc e ‘r~ nay be

calculate d by use of Fried ’s paper. Thus , the terms are

i=2, 3,

(28)

a, = v’ E ( a 5 2 ),

and

0 1 = /‘i~~~~~~~1i, 1 5 , 6.

it is assumed in such a set of models that the aberrations are uncorrelated.

They are not in the expansion functions as given in [201. However ,

uncorrelated expansion functions may be found. A lso ,  addit ional uncertai n
model parameters may be used to ascer Lain this correlation. These parameters

c oy  be augmented to the adaot ive est imator.
The t i rst  c i-eff ic ient which appears as a constant phase shift doesn ’ t,

affect the far field intensity . It may he noted that the variances ,

are functions of the turbulence structure constant. Since the turbulence

strength is not known a priori for a ptach of turbulence , the structure

constant , Cr
2 , is uncertain. Furthermore , since the relative wind speed is

not known precisely for an aircraft scenario , V may be uncertain. Thus ,

the estimator must adapt on the uncertain pa rameters in order to learn them
for use in the estimation processes. Furthermore , structure adaptation may

be used to ref ine the models for a par t icular  real izat ion if the time inter-

‘ial demands a more accurate model .

The model approximations are reasonable for the logic previously stated .

Tha t is , othe r work in laser fluctuations have used similar models, the

estiu ’ator will adapt upon uncertain parameters , the analytics for turbu lence

may not correspond to a given scenario , and a computationa llv feasible model

is necessar y for real-time imp l ementation.

The next section gives the structure of the adaptive estimator.
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V .  Ad~p,,~j !e_Est imato’ r

This section contains the equat ions for the adno tiv e e tf i r n i t’ ’r . P’r,’
est imator is based upon the ori g inal w o rk f”. M u ll (‘ ?

~~i and c : - ..t ‘‘ u - i’ d t~
Lain iot is  130 1 and Haw k e s  and Moore 1 31 1 . In p~’ r f i c u l i r ,  as lhe : , u - a S r i r ~-

ments for the sh ea r i ng interfero ruuet ’ :’ r ’ are in a f-cr:” wluvr - e~,~ rb-c u r e a - : o - ’ t ” -o °’
noise covar i u rce  matr ix  is diagonal ari d as t he r e , suremei’t s f - r  the H:’ •

array are in a form whereby the measurement noise c o v a r i a nc e  nutr ix im
block diagonal w i th  b locks of 2 x 2 ,  the sequential p r -o r ’ ss i r g  a 
estimation form of Hawkes and Moore it e s p e c ia l ’ ’ ,’ v i ab le .  In 1 0 5

the ee surem ents wa y be processed in a sequential  for - (one at a time) ,

only renui res a scalar  inverse for the s heari ”g u t  c ’ r ”ru’nr~~ter cre- ’ ’;u-

and a 2 x 2 inv e rse  ~ou’ the Ha~’tsane array.

The dynonuic c~nuat ’i on for t he  aber ra t io n ,  equation (2s ) ,  may be is —
cret ized as

a 1 (k + l )  = exp ( - a 1T ) a 1 ( L )  + a
~

( k ) u
~

( k )  (29)

where —-— —--—

q~ (k )~~ 
~~~~~~~~~~~~~ [1 - ax~ (-2 s~ 7 ) ]

u . is zero mean whi te noise wi th  un i ty  v a r i a n c e ,  and T is the sampi ir ;q
period. The dynamic equations may , thus , be wri t t c ’ r ;  in the general ~urm

a (k+ l)  = ~( v ) a ( k )  + 1
~(v ,C n~” ) u ( k )

where

exp (-k . g-) 0 0 1: 0

o exp(-k ~ ~
) 0 0 P

~(v )  0 0 exp (-k ~-) P P

0 0 0 ~‘>,p (- k~ 0

0 0 0 0 exr (-k ~
)

] ~ ,

- - - - _______ - 
s. -z-  - - ‘ ‘~~~“‘ --



and where

q2(k) 0 0 0 U

o q3(k) 0 0 0

:‘(viC n ) = 0 0 q (k) 0 0

o 0 0 q 5(k) 0

o 0 0 0 o (k)

where

= q~ (k,v,C~~)

from the definition of q~(k). It is assumed that v and Cn
” are defined over

a discrete range . The two parameters may be contained in the finite s°t

ve~v , ,v9 ,. . .

and

C 2J~ ;; 2 cn = j fl 1’ ~2 ‘

with a priori probability density function

P(v )  = P ( v
~)~

(v-V i )

and

P(C ~
2 ) P ( C n2 ) ’ ( C n2 C n2 ) .

The a priori density function for the pair is given (assuming independence)

as 

P (v~C~2) = 

~~l ~~1 
Pr(Vi )P r(C n~

)6(V
~
V i~

Cn
:’
~
Cnfl (31)
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r u ’  by def in ir c : = {v ,C ,*
T

N’- ) = 

~~ 
—
~

‘
~~

- - i
~
) (~~

)

-~ er ’t’ u , is p r  ned fo r each q 1 xq pair of v ’ s and L
~~

’5 and ~~
‘ = q, x r i

The a]nor ’it hu :’ f~ r the sheari nq irut rr’ercrl:e t er ’ measm ’ u’r ” ~~n t S  vii 11 P c-
i.i ’ t I e r  e~ r ’ l ir it ly fn.- co” pleteness. Ie Hort ’ ’ a n r r  array a l qe r ’ l t r r u ’  ‘S a’

iu~1mej iat r  e x t e n s io n  ot this and wil i . t hus ,  not be wri rte n .

En’ a I on (13) :ra’~ be pa u’ti si on ec i ~u

h. 1
( 3 3 )

I ri IL

is t - - r ;  r~nw o c i1n rrr ~~~t , ’~ , . Toe ;‘ns,, ‘ m~’nt eu- .at ior [‘CO th ~S

he “in t four as

[~. 1 ~ a + ‘

y h~ a ru 
,

= 
-

y h a + n

— 
~~~~
. L 

- LI ~i

!,‘ sing the resul ts  in [30 1,  the optima l c~ t imator for th ’2 ahr-’ :r , ’tion

c o o f f i c r e n t s  g iv en the measurements up to and inc lu d ’no tine L

a
~

(kL, k ) 
~~l 

~~~~ ,k~ t’ i r i~~ L Y (35 )

where a~ (k k ,O i) is the i
~

_ co ndi t i onal  ~st imate for a 1e-d °
~~~‘~

i
~ ’ k ’ ~s the

p ”chah i l i~ - - ~ “i give n the measurements , The covar ’i~ nce o~ th is estimate

it



~~— “~~~~~~~~~~ ~~~~~~~~~~~~~~

P ( k ) = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(36)

The- ‘~~
_ condi ti ona l estimates may be found between measuremen ts as

a (k+l I ~k~
0i ) t- (o 1 )~~(kj 

~k’°i~ ’ (31)

i= 1 ,2,.. . ,~~~

‘

and

P (k+ l ! B~ ) = )p + (k I ey T (o~~ + F (O .)F(O . ) ,  ( 38)

i= 1 ,2,.. . ,~~~

‘

where :(a ,~) and r(-:’
~
) are as in equation (30) eva l uated with the i—th ti . At

a measurement the “~
-condit - ional estimate may be found by sequential ly

processing the measurements through the fol lowing al gor’ thm. The fi rst
‘ ‘easu ren uent p rocess in g is

~ 
‘
~
‘-
~~1 ~~~~~~~~ 

= ~~(k~ ir k 1 ‘H~ 
+ Kk (‘ij )[~ 1 - h1 a~~~ ~k-l ~

o~)]~
(39)i=l,2 2q

where

Kk
( 1 ) ( , i )  = P (kL .)h 1

1
[h 1 P (kjo .)h 1

T 
+ r1r’, (40)

1=1 ,2 ,... ,2q

whe re r 1 is the covariance of the final measurement noise element and

a( (k !r ~k l , v l , .) denotes the estimate given the past measurements and the
measurement our the firs t row of the measurement vector. The covariance of

this es t ir ru o te is

(k i  n~~) = [I-K k~
’ ) (~~ )h1JP (k~ ii . ) ,  (4 1 )

i=1 ,2 , .  . .,2q

Th e required estimate is given by cycling through the iterations

19 
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_- ‘ - --- --~~~~~ 

~~ 
~ ~

‘ k’~ i ~~~~~~~~~~ ~~ ~~~ 
= ~

( c - i  
~ (k - ~~~~ ‘v :: . ,‘ . )

~~~~~~~ ‘ ~~~~~~~~~ _
~~i a~~~

1) k~~k,v , ~~~~~~~~~~~~~~ ‘~°~
)

[-,1

) 
~ = 

( n - i  ( k o~) T [ ~~~~~~~~ ( 2 -~~ ~ ~~~~~ r~~) 
. ~1 T 

+ 
~ 

(c~
)

- ‘ ‘ ‘  r , is H1’ covari once o± tho ‘ -th mea sure -wen t noise el :-‘s’ier’t. ThP

cova’ ance undate is ~iiven by

p (t) (k~ a~~) = [I-K k~ ~ ~~ H , ]d~ 
~~~~~ 

~~ ), (4 4 )

-= 2 ,3 ?q

Tb ’’ re’p.i ir ’cd 
~ 
—‘:nndi ti in al es t iniate is riven by

‘ 1 .
— ~~‘

1-~ ~
, - ‘IC , K 

~ 
— 

~ - “ ‘ k ’ I /

~,“ d  its COV ;rio r ’ce is riven as

p~ (k ~ 
~(2q)(~ 

~~~ 
(a 6)

t ‘no v h-c n o t e d  t h a t  i’d y a sca ar I nverse creed h e taku’n to find the repaired

en ‘ ‘ “ i f - ’ , In or oe r  ~. n update the nece ss a ry  p robab i l i t i es  sequent ia l l y ,  it
is nc ’ c ’ t s a r y  ha store [h 9 P~~~(k~e 1 )h

T ÷ r~ ] cc ~’-i the residuals y
~ 

- h ;a
’
~~(L~a~ ), 

,2q and 1= 1 ,2 ?~. These quantities are available as they

~~‘
-e ca lcu la ted  f r - f l ,  the previous equations. The required probabilities are

then ca l c u l a t ee  as ~~‘ - r~ f,- ’i ‘nc 0 13fl . i.e.,

( t )~~~~ ‘expH [’- k~ 

‘ )
~~ )~

T
[~ (

~~~J
l [ k i~

]
~~r~°i 4 k

q -

~~~L’=l 
‘ .)  r’x;~~-t,[ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(47)

2”)

~ 

i_ . 

1



~ ‘ - ‘ - ‘ -_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_

for i=1 ,2,... ,q where

= - 
‘L-l ~y l ~~~~ 

,y Q~ 1 ~o~ ) (-~d)

and

~~~~~~~ 
= [h P~~~(kIe ~ )h Q

T 
+ r]. (49)

The terms - - k~
’ ) (~~ ) and ;:k (Bi ) have been stored during the previous calcu-

lat ions .

V I .  Results and Conclusions

The esti mator was simulated for various types of lasers . several different

propagation lengths , and several optical aperture diamete rs . The three types

of lasers simulated were the oas dynamic laser (GDL) at 10.6 x l0~~ meter

wavelength , the electric discharge laser (EDL) at 9.28 x lO~e- meter wave -
length , and a chemical laser using deuteriu m f lo ride (DF) at 3.69 x 10-6

meter wavelength . Both short ranges 1-5 ki lometers and medium ranges 20-50
kilometers were used. Severa l different signal to noise ratios were used .

Al l  units y ie ld a phase error in radians. The tilt errors are, for
example , in units of radians/ meters. Since the resolution of any plots
would be less than minimal because of the significant decrease in severa l

orders of magnitude of the covariance of estimation error , p lo t s  of t i ,-

results w i l l  not be shown. Instead , both the init ial a rd  s teady state
covariance of the est imation error for each case w i l l  be given for each
aberration order. The steady state solution is a stronq function of the

measurement noise ani less of a function of the dynamic models. The cases

shown are for an approximate signal to noise ratio of five . The sample rate

for the measurements is 0.0005 seconds. This is considered realistic with a

s ta te of the art computer. Five poss ib le values of Cn ’ and the band widths

were used. The actual C~2 for each run was 1 x l0~~6. The turbulence band-

widths were chosen with a transonic relative wind speed.

For the case of a GDL with one meter optics and a range of one kilometer ,

the initial standard deviation for the two tilts , refocus , and two asti gma-
tisms were 0.7179, 1.56 x 10- 1 , and 1.338 x 10~~, respectively. In several

21
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t’1e’r te Cari o r’uns , the correct pa r ~~~~ o r  t were learned befo re 0. P2 secc,rrds.

The steady s t a te  s f o ’ i - ? a r i  Jev ia t ion~ at 0 .025 seconds after a meas ur ’ r”at ’ r ,t wer Er

as f c ’ i lows : x - t i l t , 2 4 3  x 10 ~; y - ti lt ,  2.42 x l 0 - ~; re~ccus.  7 .14 x
r~ j Or~ flC ,~,‘i~ n n a ’Jsni , 6 . 8 6  x 10 ; and product astigmatism, 7 .7 4  ~: 1 0 ” .
The v _ t i l t ,  ~~~O example, w ould corresp ond to an c c - ’ ertai -,t ot 1 .52 x 1- ~-~
w ’v~’ - ’- : t 5- ~. ,%i t e - an m i  ~i a i range of 50 k i lometers , the i ni tia i : -anc do r ’c

ae’.- i a t i , ns  f o r ’ the two tilts , refocus , and two ast urul is u a s ,ier~’ 5.259, I . 1 1 ,

and 0.946. respect i -.‘ely. 
/ 
A na in , the true pa rar’eter- -. w e e  carned f -uft ’ ’c 0.h~

seconds in sevc ’ral runs. The steady state st - ’ndard de ,iat ’uons at 0.825

secc- rr ~c a f te~- a n:e,~usu r’ea’ -:’r: t we c’ -’ as fo l l ows . x -  t i 1 t , 4.665 x 1 Y y- t ilt.

4.47 x ~fl~~ ; “o Pec - is ,  2.93 x 10 ” ; qu~ d ’ atic asti q r r a ti ’ .i’r , 3.22 x l0~~ ; -rod

r r:’j~ c t  as~ iur:at ’s m , 2.687 x lO~ ’~. I t ca n be seen that trio increase in

ia ronag at’loc d~ s’ ance inc rea ~ es ‘ c ~nit ia 1 and the f inal unc r rta i nay  The
t ’ t  ic r ’:’,’ ” t a r ’ ~t ’e s at steady s ta te  a’- r’ about doubled ~~r an ire: eas e of racinc
t r y 52 ‘ l in es.

I fh a ra ce o~ a ~DL ~‘nifh 2. P “et’-’ r ‘n:’t ics and a Oni qe Of 5 ~-jlnun °te rs

i c - ~~~~a1 s -’ ‘‘~3~
,’~ —~-- v i at i o ,u ccr” ~-~~e ~wo r u t s , ‘-r: Fc~~ut. and two ast i ’ - src ;cu —

ttsr’c we re ‘ .~ O5, 3 .5- i i 12~~ , an 2, °” :r l~~~’ , r o 5 p o ct i - ~- r ’ 1 j,  In se - v

~‘O” ” r Car lo runs.  w e  co’-’- a ’ r’:’ra:’w’fer’s :~~~
‘ ‘

-
‘ I e “n’  a hefe ’ ’ i’  0.0? seconds.

Tne ste - : - , s ’ - ut o standard de-uia ti ons at -2 . P± ‘n - - ‘n- ci t 0, lrr C 1IOC SL , r ’Oui re ! t

wo re as 11 - ,i’,: • - t i i ’  3.-IF x l2 ; v — ~~ii~~, 3.22 i0~~ : refocus. 
1 415 x

i0~” ’~ n-~ u u ’ a t i c  us inea I t t : . ~~~, ‘1~) . 
(J~~ ; m d  product astigm atisw. l .~~l3 x

l0 - .

For ~~~ ‘ ‘  ‘ C S ’ -’ ~~1 an rpL with 0, 0 me~ r-r - ~; ‘tic s and a iodin e of 5 kilometers .

be r i fi al sfa ’d.~ r-d dcv i  a~ ions 
1or Ida ~v~n t ii ~ s , retn ’ T c t S  , and ti.. : - ast i  ama—

t i n ’ s  ce000 ~~~. 
-‘ 

, 1 , ~7 lO~~ , r d  1 . 722 ‘ ~ r 
1 
, rr-soect1 ve 1~ . The correct

t a r a m e -  f e - i ’ s  ~‘.e’- -’ i ii- ’ r i d  ~~~~~~ “n o. 075 e-cOr’,l S , The steady s ta te  stand ard

deviat ion s a~ 0.050 s’ nn”Is ‘ ‘ ‘
~~ r a mear u n’~ t were as follow,, : x-t il t ,

2. 4~ 
-~ 1fl~~ ; v- ’ il’ . 2.,Yn r 1i 1~~~~

; r.’~ ’—c us. 7 .15 i’Y~~; quadrat ic as t i q m a-
u i 5 F ’~, 6. 27 ‘ l0~~~ a~ d p r I n k  a s ti n -n a t is un , 7.74 x

For +~w: case n ( 
~ IF lan e ’ -,~‘jth 0, i~ r~u c~tor optics and a range of 5 kilo—

“-,‘ 1
~~’i

- --, , ‘be jn ’~ ’jo l s~au’ Iar j devj~ tion ’: ‘or  th ( two f1 1 t ~~, refocus , and two
at~~ ca~ot i sn’1 s .~~‘ - ‘ - ‘  , ~~~~~ on ~~~ . Ifl~~ , r’esp ectivr’l v. Li e stead’,’

s’ ‘ e  s’ a ” 0 a r d  °ev i a t i n n n  1 0.02 se c o nds af~ nr a meas rr:r’rnt were r~S
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follows : x— ti l t, 4.60 x 10~
’
~ y—ti lt , 4.111 x 10 , r e - t ,C.u- , 2. 1,) x

quadratic asti gmatism , 3.045 x l0~~; ~~ product asti’J9.eti~~u , ~~.‘0 , -4

Wi th a range of P0 kilometers and 1 meter optics rho i ni t ia i ‘- t u ’ ’ ’ a r i ~ i J : , ra-

tions are respectively 14.58, 3.19 , and 2.72. At str~ d . c~ a - . te e st& ,lar P

deviations are as follows : x-tilt, 5.1 1 x l0’ ’
~; y-t ilt . ..bS .~ 

(1 ’,

refocus, 4.39 x l0 ‘
; quadratic asti gmatism , 5.338 x JIY ~ un -T n ~- ‘-du ct

astigmatism , 3.93 x iO~~
it may be seen that , as is wel l known . the uu ce ” t a i n t  it’ s for t h - s r  c r  .- “ C - ’~€’-

lenqths through atmospheric turbulence are i i r t i a l l v  greacly i r :rca ~ on .

However , the adaptive estimator is able to decrease w i t  uin :cort ,~irr y. ~~~~
is much higher than the uncertainties at larger ~-3ve fe ’ - ,, ti’s , to ~ .aiu ’- ’

nearl y the same as the larger wavelength idSOrt . Tne est iu sci t ’ ,r ‘i s nr-~ ‘ so

bring t he uncertainty levels down to that requi red ‘ o r  c i ’  to ’c,l ~.ir’ i l e i J a ra t ’ r ,~

upon the uncev cain atmospheric turbulence strenqt ’ h and k’~ r”iwi dt n ‘ c  r on ~uns

were accom p lished at l ower and higher signal to noise leve ls whic h ind~~cCte

similar results.

This oapeu ’ i ntroduces the adaptive opti cs ~‘,‘ahlercr tn * ie n -an t  1-0 n c,,, c u n i  ty .

The adapt ive est imat ion structure develo ped wi thin is a v i ab i c ’  s t r uc t e :  c for’
estimation of aberration coefficients in adaptive optics systems . The

estimator has been well exercised with several Monte Carlo runs for GPL .

EDL , and DF lasers at several ranges and ~ev ’,’ral 
d4 ffereu ’ut op t ic a l n’-ict re:

The estimator may be implemented into a minicom puter wi th  e it he r  t i i e  vary~~~
or constant gains for real time applica tions.
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able 1

Coeff icients For ’ Bdrdw td th

r [ - 
~~~

‘ - .

- ‘~~~~ 
_ - -

2 0.53

3 0.33

1 . -

~

-2.9

8 ‘3.6

7 0.3

8 1.4

a 1.3

L~~~ ~:
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